Bulk polycrystalline MgTi 2 O 5 has low coefficients of thermal expansion (CTE), high thermal shock resistance and high temperature stability. However, polycrystalline MgTi 2 O 5 generally includes extensive internal microcracks and hence it has poor mechanical properties. In this study, dense MgTi 2 O 5 samples with fewer microcracks were prepared by spark plasma sintering (SPS) of commercially available MgCO 3 (basic) and TiO 2 (anatase) powders at 10001200°C for 20 min under 2080 MPa in vacuum. The samples sintered above 1100°C were composed of MgTi 2 O 5 phase with trace intermediate MgTiO 3 . High relative density and flexural strength, 99.9% and 341.5 MPa, were obtained for the samples sintered at 1200°C under 80 MPa. This strength value is, to the best of our knowledge, the highest value among pseudobrookite-type ceramics. The bulk CTE values of the samples were almost identical for all samples, ³10 © 10 ¹6 K ¹1 , which confirms the fewness of microcracks.
MgTi 2 O 5 ceramics, having the orthorhombic pseudobrookite structure [ Fig. 1 , space group Cmcm (63)], exhibit large thermal expansion anisotropy. 1)4) The coefficients of thermal expansion (CTE) of pseudobrookite structure are typically negative or very small in the a-direction, moderate in b-direction (³10 © 10 ¹6 K ¹1 ) and rather large in c-direction (³1520 © 10 ¹6 K ¹1 ). The low thermal expansion was found for bulk MgTi 2 O 5 ceramics due to the presence of extensive internal microcracks formed by thermal stress during the sintering. 1) They generally have poor mechanical properties due to the microcracks, and hence, the commercial applications have been limited.
Kusuzyk and Bradt 5) reported the effects of grain size on thermal expansion anisotropy in MgTi 2 O 5 ; MgTi 2 O 5 powder was hot-pressed in a graphite die at 20.7 MPa and 1200°C for 1 h. Reported maximum flexural strength and density of the sintered parts were 116 MPa and 3.60 g/cm 3 (98.4% of theoretical), respectively. To the best of our knowledge, it was the highest flexural strength of MgTi 2 O 5 ceramics. However, this flexural strength is not sufficient for general structural applications.
Among the pseudobrookite-type ceramics, aluminum titanate (Al 2 TiO 5 ) has been widely studied, 6), 7) in particular on the improvement of the mechanical properties. Ohya et al. 7) reported the effect of some additives on microstructure and flexural strength of Al 2 TiO 5 ceramics. Al 2 TiO 5 5 wt % MgO powder was sintered at 13001400°C after CIP under 98 MPa. The maximum flexural strength was 181.4 MPa of the sample sintered at 1350°C. It was probably the highest flexural strength among pseudobrookite-type ceramics. However, this mechanical property is also not sufficient for typical structural applications. Moreover, Al 2 TiO 5 is thermodynamically metastable under 1200°C and it gradually decomposes into Al 2 O 3 and TiO 2 . 8) 10) Spark plasma sintering (SPS) [or pulsed electric current sintering (PECS)] is effective for full densification. 11) Compared with conventional sintering, SPS enables (1) rapid heating (³200°C/min), (2) densification at lower temperatures (and hence, less grain growth), (3) short sintering time and (4) enhanced mass transport (via electromigration). 12)14) Here, in this study, we report highly dense and strong pseudobrookitetype MgTi 2 O 5 . The samples were reactively sintered by SPS for the efficient densification, and were characterized by Archimedes' method, XRD, 3-point bending test, SEM, and thermo-mechanical analysis of the CTE.
Commercially available MgCO 3 (basic) (99.9% up, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan) and TiO 2 anatase (99%, Kojundo Chemical Laboratory) powders were used as the starting materials. 15)18) Powder mixture of MgCO 3 (basic) and TiO 2 anatase with molar ratio of 1:2 was prepared by wet ballmilling with Y-doped ZrO 2 media (YTZ, Nikkato Co.) for 24 h using ethanol, and then the slurry was dried in an evaporator. Finally, the mixed powder was dried at 80°C, and then, sieved through a 150¯m screen. The mixed powder was poured into a graphite die and pressed using a 20 mm diameter graphite punch. The samples were reactively sintered using a SPS machine (LABOX-315CS, SinterLand Inc., Japan) at 10001200°C for 20 min under a uniaxial pressure of 2080 MPa in vacuum (10 ¹3 torr). After holding at the sintering temperature, the sintered bodies were slowly cooled at a rate of 15°C/min to suppress microcracks in the bulk sample caused by thermal shock during cooling. Finally, the sintered discs, 20 mm in diameter and 3 mm in thickness, were obtained.
The relative densities were analyzed by Archimedes' method. The relative density was nominally calculated using the theoretical density of MgTi 2 O 5 (3.65 g/cm 3 ). The constituent phases of sintered samples were analyzed by X-ray powder diffraction (XRD, Rigaku, Multiflex, Cu-K ¡ , 40 kV and 40 mA). Prior to the powder XRD measurement, the sintered samples were pulverized, and the XRD patterns were collected in the range of 2ª = 1070°. In order to evaluate flexural strength, sintered samples were machined into the test specimens with dimension of ³3 © 2.5 © 20 mm. The all sides of the each specimen were polished using abrasive paper and diamond slurry, and then, the tensile face and corners of each specimen were polished and chamfered by 0.5¯m diamond slurry and waterproof abrasive paper (P1200, Riken Corundum Co. Ltd. Japan), respectively. Flexural strength was measured by three-point bending test with a span of 16 mm and cross head speed of 0.5mm/min by using a universal testing machine (Autograph AG-20kNIT, Shimadzu Co. Ltd., Japan). Three samples were used for each measurement. Microstructure was observed by scanning electron microscopy (SEM, JSM-5600/SV, JEOL, Japan). The coefficient of thermal expansion (CTE) was evaluated from 501000°C by thermomechanical analysis (TMA, Thermo plus EVO II, RIGAKU, Japan). Figure 3 shows the relative density of the MgTi 2 O 5 samples sintered at each temperature. The relative density of all samples was above 99.5%. The extremely high density, 99.9% was obtained when the sample was sintered at 1200°C. Due to the coexistence of TiO 2 rutile phase, the relative density of the sample sintered at 1000°C numerically exceeded 100% (the theoretical densities of MgTi 2 O 5 and rutile are 3.65 and 4.26 g/cm 3 , 9) respectively). Figure 4 shows the effect of the SPS sintering temperature on the flexural strength of MgTi 2 O 5 samples. The flexural strength increased with increasing sintering temperature, and the maximum strength, 345.1 MPa, was obtained for the sample sintered at 1200°C. This result was much higher than previous works. 5), 7) The enhancement of the flexural strength can be attributed to its high relative density (³99.9%). However, at the same sintering temperature (1200°C), the standard deviation was somewhat large, which is attributable to some generated microcracks by the anisotropic thermal expansion in the bulk ceramics during the sintering process (including cooling). Thus, from the view point of strength, the optimal reactive sintering temperature for MgTi 2 O 5 ceramics by SPS should be ³1100°C. Figure 5 shows SEM images of fracture surface of each sample. The average grain sizes of the samples sintered at 1000, 1100, and 1200°C were ³0.7, ³1.0 and ³1.4¯m, respectively. The origins of the fracture were clearly observed from the SEM images of samples sintered at 1000 and 1200°C. The defect on the fracture surface acted as the stress riser. On the other hand, at 1100°C, the origin of the fracture was not found clearly. As the fracture mechanism, intergranular and transgranular fracture were observed for all samples. The dominant fracture mechanism seems to be changed from transgranular to intergranular fracture with increasing sintering temperature, which can be attributed to the anisotropic thermal stress during the cooling. Figure 6 shows the bulk thermal expansion at each sample sintered by SPS at 10001200°C. The thermal expansion behavior of each sample was almost identical, except at around 1000°C (i.e., close to the sintering temperature). The bulk CTE values of the all SPS samples were ³10 © 10 ¹6 K ¹1 , which confirms the fewness of microcracks compared with ordinary MgTi 2 O 5 samples with many microcracks. Since the low thermal expansion in polycrystalline MgTi 2 O 5 is attributed to the microcracks, "high strength" and "low thermal expansion" are in trade-off relationship. Further microstructural control will be needed to break this trade-off.
In this study, MgTi 2 O 5 ceramics were reactively sintered by SPS from TiO 2 anatase and MgCO 3 (basic) powders. XRD analysis revealed that the samples sintered at 11001200°C consisted of MgTi 2 O 5 and trace MgTiO 3 phases. High relative density and flexural strength, 99.9% and 341.5 MPa, were obtained for the sample sintered at 1200°C. It was the highest flexural strength among pseudobrookite-type ceramics.
